On July 9, 2009, the Pacific Northwest National Laboratory (PNNL) ultrasonic sensor obtained density data for the sand slurry dredged near the mouth of the Columbia River by the Essayons. The objective of these measurements was to compare the data from the ultrasonic sensor with that obtained by the radioactive sensor, currently in use. The U. S. Corps of Engineers is interested in a sensor technology capable of competing with the radioactive sensor to ease regulatory concerns. The average density obtained during the data acquisition was smaller than the expected value of 1.3 g/cm 3 . Further investigation showed that the radioactive sensor measured a density of 1.11 g/cm 3 for the calibration liquid, but the code was set up with the density of seawater of 1.025 g/cm 3 . This mismatch partially explained the low density value. However, the conclusion was that, while the basic data is very good, the current interpretation of that data needed modification. A new model has been developed that describes how the ultrasound interacts with the sand particles in the slurry. The new model requires the evaluation of a constant k surf from a laboratory experiment. This was carried out at PNNL using sand obtained from the Oregon coast during a previous visit to the Essayons. A value for k surf was determined with an error of ±10%, which, of course, is too large. For future work, another design is proposed and a more accurate value is expected. Measurements with the refractometer showed the effects of tides. That is, in the morning the density of the seawater was very close to that for fresh water, while in the afternoon, the density was due to salt water. The results of the analysis showed that the average density of the sand slurry varies between 1.230 and 1.235 g/cm 3 . The last section of this report discusses in detail improvements for future development. The conclusion is that, once these improvements have been made, the performance of PNNL density sensor will compete very favorably with that of the radioactive sensor.
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Introduction
On July 9, 2009, the Pacific Northwest National Laboratory (PNNL) ultrasonic sensor obtained density data for the sand slurry dredged near the mouth of the Columbia River by the Essayons. Dr. Margaret S. Greenwood operated the ultrasonic sensor. Readings for the radioactive sensor and the refractometer, located on the Bridge, were also obtained.
As the data acquisition was occurring, Greenwood saw that the density values appeared to be low. However, the data for several runs was remarkably similar. A water calibration run was taken at the start of the day and was used to analyze and obtain the density values. At the end of the day, a water calibration was taken again and it agreed very well with the one taken initially. The data appeared to be quite sensitive to changes in the slurry, and there was a wide range of density values. The system was set up so that the information from a single short ultrasonic pulse is obtained. Since the signal is recorded in only 0.06 seconds, the system measures the density as a function of time. Three density values were obtained per second. An average over a number of values is obtained to represent the density that would be reported to the ship's data acquisition system in future development.
The conclusion was that the basic data obtained by the PNNL sensor was very good, but that the current interpretation of that data needed modification. A similar conclusion can be reached by reviewing the laboratory data reported in the Letter Report of October 2007. Indeed, a new model for interpreting the data has been developed and the results are shown in Figure 1 and Figure 2 . Figure 1 shows the density data obtained for 3000 points obtained during one run in file 0979133. Figure 2 shows the average for 15 segments, where the data are averaged over 200 points. The data acquisition system captures the time for each data point. In Figure 2 the average density is plotted versus the time at the midpoint of the segment for data file 0979133. The data for the radioactive sensor was obtained by recording values observed on the Bridge. The value of k surf is determined experimentally to be 1.3066 ± 0.1340 in Section 4. The results for the upper limit are shown by the square symbols in Figure 2 . Given the large uncertainty in k surf , the results are also determined for k surf equal to 2.2 and shown by the triangle symbols in Figure 2 . However, there were a number of uncertainties in the measurements and these will be explained in later sections. These results can be compared with that obtained during the data acquisition, as shown in Figure 3 .
The values of the slope in Figure 3 are expected to be negative, but many positive values were obtained. This problem was resolved when the readings of the radioactive sensor showed a reading of 1.11 g/cm 3 while the calibration was being obtained. Because the data acquisition code used the density of seawater as 1.025 g/cm 3 , the disparity of these two values resulted in the positive slope. Some small amount of sand must have been in the seawater during the calibration. The way to eliminate such disparities in the future is discussed at the end of the report. Comparison of Ultrasonic Sensor with Rad Sensor In Section 3, the model for determining the density of a sand-seawater slurry is discussed in detail. This model is based upon the simple calculations carried out to determine the density of the sand slurry, when the quantities of water and sand are known. This model is then extended to consider how ultrasound interrogates the slurry when the "vessel" is placed upon a steel section (about the same thickness as the wall in the Essayons pipeline) and interrogated with ultrasound. A transducer is affixed below the steel section. When a pulse of ultrasound reaches the steel-slurry interface, most of the ultrasound reflects from the steel-water interface (due to the large size of the sand particles) but some is transmitted into the slurry. The latter interacts with the sand grains near the interface and is scattered by them, some of it back toward the interface. This scattered ultrasound then is transmitted into the steel and travels to the transducer. The returned signal, or echo, at the transducer then consists of two parts: one part due to reflection from the steel-water interface and the second due to scattering from the sand grains.
The model deals with the reflection from a flat surface of a block, where all of the sand is considered compressed into this block. The volume occupied by the block is the same as the volume of the sand in the slurry. Because the reflection or scattering from the sand grains is smaller than that from a flat surface, an additional experiment is needed to compare these two situations.
Section 4 describes how this experiment was performed in the laboratory and a preliminary value of the constant k surf was obtained. Additional experiments are needed to obtain a more accurate value.
Section 5 summarizes the measurements obtained and Section 6 describes the results of the analysis using the new model. Section 7 discusses the results and the requirements for future development.
The conclusion is that the PNNL density sensor can be designed to measure the density of a slurry dredged from the ocean floor. Given the uncertainties in the parameters for analysis of the Essayons data, the results are acceptably close to the expected value of the density.
Experimental Measurements
Several transducers were placed very close to the radioactive sensor on the Essayons, as shown in Figure 4 . Preliminary data were obtained for each one, but the data from the 2.25-MHz transducer with a diameter of 0.5 inches was superior and the results from this transducer are presented here. It is the second one from the left with a rectangular shape. The data acquisition system operated by Greenwood is shown in Figure 5 . The pulser-receiver that transmits the ultrasound to the transducer is not shown in these photographs. The data acquisition system was one level above the radioactive source and the transducers. The measurement of the density of the slurry, occurring at the rate of 3 values per second, is based upon the reflection of ultrasound at the interface between the solid and slurry, as shown in Figure 6 . A very short pulse of ultrasound is transmitted by the transducer and travels through the steel to the inside wall, where some of it is reflected back to the transducer. Here it is reflected again and so on, so that the pulse of ultrasound makes many echoes between the inside wall and the outside wall. Each time the ultrasound reaches the outside wall, some of it travels to the transducer and produces a so-called echo. The multiple echoes are shown in Figure 7 for data obtained on the Essayons. The time between two adjacent echoes is the time for the sound to make a round trip in the steel.
The ability to determine the density is based upon observation of all of these echoes and determining the reflection coefficient of the slurry. When ultrasound traveling in steel reaches the interface with water, some of the ultrasound is reflected back into the steel and some ultrasound is transmitted into the water. The pressure reflection coefficient is defined as: pressure amplitude of the reflected wave Reflection coefficient = pressure amplitude of the incident wave
(1) For a sine wave, the amplitude is the height of the peak. The reflection coefficient can have positive or negative value. A negative value means that the wave "flips" about the axis. That is, upon reflection a peak becomes a trough, and vice versa.
The reflection and transmission coefficients are dependent upon the properties of the materials at the interface: the densities and the velocities of sound for both materials at the interface. The acoustic impedance Z is defined as the product of the density of the material and the velocity of sound in that material. The reflection coefficient R and the transmission coefficient T (Krautkrämer and Krautkrämer 1990, pp. 16-18) are defined as follows:
In the above equations, the subscript "1" refers to the material in which the incident wave is traveling and the subscript "2" refers to the other material at the interface. For example, if a sound wave is traveling in steel and the wave reflects at the interface with water, the subscript "1" refers to steel and the subscript "2" refers to water. Table 1 contains values of the acoustic impedance and Table 2 , values of the reflection and transmission coefficients. Graphs similar to Figure 7 will show differences between the slurry and water. A precise method to illustrate the differences is to compare the maximum voltage for each echo for a slurry and for water and calculate the following ratio:
water echo #n echo #n maximum amplitude for slurry V V maximum amplitude for water
The next step is to calculate the natural logarithm of (V slurry /V water ) echo #n :
If, for example, n ranges from 2 to 12, then there are 11 values of the quantity shown in Eq. (6). During the measurements on the Essayons, each data set contained 3000 values of the density with each point specified by a J value. The data in Figure 8 corresponds to J = 655 for the data set in file d0979133.dat. The slope of the line is −0.01323 ± 0.00035, using a best-fit straight-line through the data points with error bars. This is an important quantity because it is used to find the reflection coefficient for the slurry: (7) slope slurry water RC RC e  The relationship in Eq. (7) is derived in Greenwood and Bamberger (2004) . Because the properties of water are known, its reflection coefficient can be calculated using Eq. (3), as shown in Table 2 . Here, water is called the calibration liquid. However, any liquid can be used, provided its density and velocity of sound are known. Air can also be used because ultrasound reflects completely from air, and RC air is −1. However, the data from the Essayons shows positive and negative values of the slope, as can be seen in Figure 3 . A negative value of the slope means that the density of the unknown slurry is greater than that for calibration liquid. Similarly, a positive slope means that the density of the unknown slurry is less than that of the calibration liquid. As we shall see in a later section, this is important because there are so many positive slopes in the Essayons data.
For the sake of developing Eq. (5), the "maximum voltage" of each echo in Figure 7 was used for the "maximum amplitude" because it is easier to visualize. However, a more accurate procedure is to obtain the fast Fourier transform (FFT) for each echo and to obtain the maximum amplitude of the Fourier transform. In the data acquisition code, this procedure was carried out. The maximum FFT amplitude is, of course, related to the maximum voltage of each echo. For example, if the maximum voltage of the signal is changed by a factor of 2, the maximum of the FFT is also changed by a factor of 2.
Model for Determining the Relationship between the Reflection Coefficient and the Density of the Slurry
The basic information from the experimental data is the slope of the straight line that is obtained from a graph of the natural logarithm of (V slurry /V water ) echo #n plotted versus the echo number. Figure 8 is an example, as discussed above. The reflection coefficient is determined from the slope in Eq. (7). The density of the slurry is obtained by an interpretation of the reflection coefficient:
(8) Experimental Reflection Coefficient >>> Model for Interpreting RC >>> Density of Slurry In this section, the reverse approach will be taken in three steps: (1) We shall consider an example of a slurry and see how the density of the slurry is defined. (2) A model for the interaction of ultrasound with the slurry will be proposed and the reflection coefficient calculated. (3) We shall consider the effects of the surface of the sand grains upon the measurement of density.
Once we see how to obtain the reflection coefficient for a slurry of known density, the process can be reversed-which is the goal of our measurement-to use the reflection coefficient to find the density.
Step 1: Example for Measuring the Density of a Slurry
A sample of water (in an invisible container) has dimensions of 1.13 cm  1.13 cm  1.0 cm, as shown in Figure 9a . The area of the base was chosen to be very close to the area of the 0.5-in.-diameter transducer used for the Essayons data.
A mass of sand equal to 0.782 grams is added to the container and the height increases to 1.235 cm, as shown in Figure 9b , where the sand has a uniform distribution.
For the sake of the calculation, we shall consider a "thought" experiment in which the water and sand are completely separated, as shown in Figure 9c . While this does not represent exactly the same problem, it is a similar one. It can be used to allow the effect of each component to be considered separately and then the effects can be "added" together, so to speak. In a later section, we will consider the modifications that need to be made in order to adapt these calculations to the slurry. In this case, the sand is completely solid, as well as uniform throughout, conforming to a uniform slurry. Note that the volume of the sand block is the same as that for 0.782 grams of sand. Table 3 shows the numerical calculations that will be used to develop the formulation of the density.
The composition of the slurry is shown in lines 1 through 6 of Table 3 . The density of the slurry, defined as the total mass divided by the total volume, is shown in line 9.
The objective of Figure 9c is to consider each component separately. If one dimension is 0.915 cm, then line 11 shows that the volume is the same as in line 1. Similarly, the volume of the sand in line 12 is the same as that in line 4. The area of water at the base and that for sand are shown in lines 13 and 14, and the fractional areas are shown in lines 16 and 17. The objective is to show that the density can also be obtained as follows:
Density of slurry = (fractional area for water density of water) + (fractional area for sand density of sand)
This calculation is carried out in line 18 of Table 3 . The result is the same as that in line 9. We shall see that the concept of fractional areas is very important in Step 2, where ultrasound incident upon each area is considered.
Step 2: Using an Example to Calculate the Reflection Coefficient
First, let us consider placing a sand block on the steel surface shown in Figure 10 , without a couplant (liquid or gel) between the block and the steel surface. When the pulse of ultrasound is transmitted, it will travel to the steel interface. The wave will not reflect from the block, it will reflect from the air at the interface and all of the ultrasound will be reflected. That is, no effect of the block will be observed. Next, we consider the slurry to be in direct contact with the section of steel that is 1.905-cm thick (0.75-in. thick). Affixed to the steel section is a transducer having a frequency of 2.25 MHz, which is obviously very similar to the Essayons experiment, with the exception of a square cross section, rather than a circular one. In Figure 10 we consider a two-dimensional view of the slurry in Figure 9c to be in contact with the steel. Below the sand block is a thin coating of water. The water serves a very important function-it couples the block to the steel, just as the water in the actual measurement couples the sand particles to the steel.
In Figure 11 we consider the sand block separated by a distance L from the steel surface with water between them. When the ultrasound traveling in steel strikes the interface, it encounters water and reflects from it, shown as the downward black arrow. Some ultrasound is transmitted into the water, as shown by the upward red arrow, and travels until it hit the block, where it reflects, as shown by the blue arrow. Then it travels back to the steel, where it is transmitted, as shown by the small, black, downward arrow. Both waves, indicated by the two black downward arrows, will travel to the transducer and be recorded as two signals. The transducer will record a signal from reflection from the steel-water interface and then a short time later (2L/c) the echo from striking the block. These two signals will have opposite phases, due to the negative reflection coefficient for the reflection at the steel-water interface and positive values for interaction with the sand block. However, as the distance L is decreased, the two signals become very close together. When the distance L is very small, the two signals overlap, leading to destructive interference, which is what we see in the data. The total reflection coefficient is based upon the fractional area contribution. Because water covers the entire surface, including the thin layer of water as a couplant to the sand block, the fractional area for water is 1.0. The fractional area for the sand block is 0.19, as shown in Table 3 , and the reflection and transmission coefficients are given in Table 2 . The important question, of course, is: How does one calculate the reflection coefficient of −0.9191 from experimental data? The first step is to carry out a calibration (often, water), in which the amplitude of each echo is obtained and stored in a file. This is V wtr in Eq. (6). The second step is to obtain data for the slurry (water + sand block), in which the amplitude for each echo is again obtained and designated as V slurry . The quantity Ln(V slurry /V water ) is calculated for each echo and a graph of Ln(V slurry /V water ) versus the echo number is plotted. Figure 12 shows the type of data that might be obtained from such a measurement. The data has a slope of −0.0201. The reflection coefficient for the water calibration is −0.9378. Use of Eq. (7) yields the RC equal to −0.9191. The goal of this example is to start with a slurry of known density, calculate the reflection coefficient, and produce a graph similar to Figure 12 . The objective, of course, is to reverse this process and obtain the density for a sand-water slurry of unknown concentration.
The results for describing the reflection coefficient in terms of a model and the determination of the density are as follows:
where f is the fractional area of the sand block.
The density of the slurry is given by
where rhoslurry is the density of the slurry and similarly, for rhowater and rhosand.
Step 3: Effect of Surface of the Sand Grains
When the ultrasound strikes the flat surface of the sand block, the ultrasound strikes the surface perpendicularly and reflects the ultrasound perpendicularly as well. Now we consider the actual situation where sand grains are distributed uniformly through the water, as shown in Figure 9b . The sand grains will have a larger surface area, and will scatter the ultrasound perpendicularly, and in many other directions as well. Therefore, a smaller amount of ultrasound will be reflected to the transducer. To account for this deficit, f exp is defined as the experimental measurement of the fractional surface area of the sand. The quantity f exp must be multiplied by a constant k surf so that it is equivalent to a flat surface. With these definitions, the adjusted reflection coefficient is given by: The value of k surf is determined in the next section, where the density of the slurry is measured and the reflection coefficient determined in an experimental measurement.
Evaluation of the Surface Effect k surf
The experimental apparatus to determine k surf is shown in Figure 13 . The transducer used in the Essayons measurement is epoxied to a block of A36 steel. A depression of 2 mm was machined in the steel directly above the 0.5-in.-diameter transducer. A plastic tube having an inside diameter of 0.5 in. was placed in the depression and epoxied in place. Previously sand had been obtained during a visit to the Essayons while it was operating outside of Coos Bay, Oregon. This sand was used to form a very thick slurry of sand and water. The density of the sand slurry can be calculated because the masses of both components were obtained on a balance, accurate to four decimal places. A small amount of water was obtained using a pipette, which was checked to see that it performed correctly. The objective of the measurement is to obtain k surf by knowing the density and using the data acquisition code to determine f exp . The steps are as follows:
1. Use Eq. (13) to determine the fractional area f of the sand, because the three values of density are known or measured. The properties of the sand-water slurry are shown in Table 4 .
2. Set up the data acquisition code by running it in the calibration mode using water to find the values of V water that are subsequently stored in a data file.
3. Run the data acquisition code for the slurry in the plastic tube to find the experimental value of the reflection coefficient. Substitute this value into the left side of Eq. (12). Because all other values are known (or can be calculated), the value of f can be obtained, and appropriately called f exp .
4. k surf is defined as the ratio f/f exp and is evaluated in Table 5 .
Four sets of measurements are shown in Table 4 . The average value of k surf and its standard deviation is 1.3066 ± 0.1340.
Comments and improvements on these measurements will be presented in a later section.
Summary of Measurements Obtained on July 9, 2009
Three types of measurements were performed: (1) using the data acquisition code to measure the density, (2) recording of the density values from the radioactive sensor, and (3) recording the density and salinity of the seawater using the refractometer.
Measurements with Data Acquisition System
The first step in setting up the data acquisition code is to obtain a water or, here, a seawater calibration. The dredge was set to intake only seawater. The amplitudes of the echoes are obtained and recorded to a file. A data file is then obtained to measure the density of the seawater, using the seawater calibration file. The data acquisition system shows a graph similar to Figure 8 that has zero slope, which is expected. The system is then ready to measure the density of a slurry. Table 6 shows a summary of the data for the transducer of frequency 2.25 MHz and diameter of 0.5 inches. The file ID contains the date and the time. Each run for the slurry contained 3000 values of the density. At the rate of 3 per second, this required about 17 minutes. For the last data set, the dredge was set to take only seawater again. This was to check that the seawater calibration was correct during the entire time, by again showing zero slope on a graph similar to Figure 8 . 
Density Measurements Using Radioactive Sensor
Density measurements of the radioactive sensor were recorded on the Bridge and some results are shown in Figure 14 . The density of 1.11 g/cm 3 was obtained during the seawater calibration for data file 09791146. This density is larger than expected for seawater, which is about 1.025 g/cm 3 . Either the radioactive sensor is reading high or the values are correct, and the seawater calibration must be adjusted. In the next section, we shall assume that the radioactive sensor is reading correctly. 
Refractometer Measurements
Two measurements were taken using the refractometer. At 9:30 am on July 9, the refractometer reading gave a density value of 1.004 g/cm 3 with a salinity of 5%, which is obviously very close to that fresh water. However, at 1:39 pm the density reading was 1.021 g/cm 3 with a salinity of 29%. Additional comments about this change will be presented in the next section.
Analysis of the Essayons Density Data
The data acquisition code for the seawater calibration, 09791146, stores a file for V water (or V seawater ), which lists the amplitude for each echo for seawater. The code used values for the density of seawater as 1025 kg/m 3 (1.025 g/cm 3 ) and a velocity of 1531 m/s. Assuming that the correct value of the density of the calibration liquid is 1110 kg/m 3 , as shown by the data in Figure 14 , the density values for the sand slurry must be recalculated. Figure 8 shows the data obtained for ln(V slurry /V water ) versus the echo number for one data point in file 0979133 for the sand slurry. The slope of this line −0.01323 is correct, but the reflection coefficient must be recalculated. That is, in Eq. (7) the RC water is written for the case in which the calibrating liquid is water. This equation can be rewritten as: (17) slope exp calibliq RC RC e ,  where RC calibliq is for a calibration liquid with a density of 1110 kg/m 3 . The temperature of the seawater was recorded to be 60.5°F. To calculate the acoustic impedance, the velocity of sound in the calibration liquid is required and was taken to be 1505 m/s. The calculation of RC calibliq is carried out in Table 7 . To illustrate how the calculation of the density of the sand slurry is performed in the recalculation, four data points from file 0979133 are chosen-two with negative slope (as expected) and two with positive slope. The steps in the recalculation are shown in Table 8 . The first column lists the J value for the data point and the second column lists the slope that was obtained by the data acquisition code. The third column shows the results of the calculation of RC exp using Eq. (17) with RC calibliq equal to −0.9300 (a value obtained in Table 7 ). In the recalculation, we shall consider a sand-fresh water slurry, rather than sand-seawater slurry. There are several reasons for this. During the data acquisition, a thermocouple was attached to the outside of the pipeline wall and the temperature was recorded on the data file. The velocity of sound in fresh water is known very well as a function of temperature (Povey 1997) , and is given by: The velocity of sound in water was calculated in m/s using the temperature T in ºC recorded on the data file. A second reason is that the refractometer readings showed that the density of the seawater changed from fresh water initially to salty water at a later time.
The next step is to find the fractional area f exp of sand using Eq. (12) and solving for the value of f exp :
In Table 2 , these terms are defined and evaluated for the velocity of sound in water of 1482 m/s. For file 0979133, the temperature is 12.76ºC and, using Eq. (18), the velocity of sound is 1457.9 m/s. These terms are defined in Table 7 for the velocity of 1457.9 m/s. These terms are substituted into Eq. (19) so that f is given in terms of RC exp and constants as shown in line 12 of Table 7 .
As discussed earlier for the surface effects, the effective value of the fractional area of sand is given by:
The value of k surf is given earlier as 1.3066 ± 0.1340. The value of the upper limit, 1.441, will be used in the calculation of the density of the slurry, given by:
where rhowater = 998 kg/m 3 and rhosand = 2610 kg/m 3 . Table 8 shows the calculation of the density of the slurry for four data points in file 0979133. The values of the slope for these points can be seen in Figure 3 and the recalculated density values in Figure 1 . The effect of the positive slope is also shown in Table 8 , where, for J = 281, the density is less than that of the calibration liquid, 1110 kg/m 3 . For J = 225, the slurry density is very close to that of the calibration liquid. For negative slopes, the slurry density is greater than that of the calibration fluid. These calculations provide an understanding of the basic data for the slopes shown in Figure 3 .
The average value of the slurry density is obtained by subdividing the 3000 data points into segments and obtaining the average value of the density for the points in each segment. Figure 2 shows the results of using six segments. However, if the number of points in a segment is smaller, there is more spread in the average values, as shown in Figure 15 for 60 segments and 30 segments.
The average value of the slurry density is affected by the value of k surf . At present, the uncertainty in k surf is about ±10%. The results of increasing k surf to 2.0 is shown in Figure 16 . It is, of course, very important in future studies to reduce the uncertainty in k surf .
The results for the data file 09791544 are shown in Figure 17 and Figure 18 for the average value of the density in each segment. Figure 18 shows the slurry density when the efficiency of the dredging operation was reduced for data file 09791759. Comparison with Figure 1 shows the significant change that occurred and was detected by the PNNL density sensor. 
Calibration Liquid
These results show the great importance of precise knowledge of the calibration fluid. Initially, the calibration aboard the Essayons was taken to be seawater. But the radioactive density sensor gave a value of 1.11 g/cm 3 . This value is probably due to some small amount of sand mixed with the seawater. The recalculation used this value, but the actual value of the velocity of sound in the actual calibration liquid was unknown and so a reasonable value was used for it. This, of course, leads to an uncertainty in the slurry density measurement.
Calibration using air is highly desirable because 100% of the ultrasound reflects from air and, thus, the reflection coefficient is -1. This has been measured in the lab also, by first calibrating with water and then using only air in contact with the steel surface. A reflection coefficient of -0.998 was routinely measured.
While on the Essayons, the calibration with air was discussed, but is seems that sometimes, the water still remains in the pipeline. This needs to be investigated further, because the use of air is so simple.
If the use of air as a calibration is not feasible, then the properties of the base liquid in which the sand is immersed must be measured. This is discussed next.
Measurement of the Properties of the Base Liquid
The measurements with the refractometer showed that in the morning the base liquid was very nearly fresh water and in the afternoon, salt water. This was due to the effect of tides in the mouth of the Columbia River. It is proposed to measure the density and velocity of sound of the base liquid using a second sensor, illustrated in Figure 19 , and the same data acquisition system as is used to measure the density of the sand slurry. The second transducer can be surrounded by a stainless steel shell and the transducer affixed to the stainless steel front plate having a thickness of about 0.375 inches. The multiple reflections would be measured within this plate and yield the acoustic impedance of the liquid. The velocity of sound in the liquid can be obtained by measuring the signal from a plate a short distance away, about 2 inches. The acoustic impedance divided by the velocity of sound yields the density. The coding for the density sensor is already complete and data have been published using this technique for liquids ).
This second sensor needs to be placed so that it can observe the liquid from the dredged slurry, BUT the sand must be settled out first. This sensor can be calibrated using air. A mechanical engineer can design a system that accomplishes these goals and is automatic. Some discussion on this development is, of course, needed.
A cable connects the transducer in this sensor to the data acquisition system. The data acquisition system has a computer-controlled multiplexer, which is essentially a switching system that switches the electronics from the transducer in the pipeline wall to the transducer measuring the properties of the base liquid. For example, there might be options in the final code measuring the properties of the base liquid. 
Evaluating the Constant k surf
The results for the evaluation of k surf are shown in Table 5 and the average value of k surf is 1.3066 ± 0.1340. This is a standard deviation of about ±10%. The data were obtained by placing sand in the tube and mixing water with the sand. The precise amount of water to add was a difficult decision. Even though the first three trials in Figure 4 have very close values of the density, the values of RC exp from running the data acquisition code vary somewhat, as shown in column 2 of Table 5 . The problem occurs because the reflection coefficient for water is subtracted from RC exp . Subtraction can lead to large errors if there is uncertainty in the two values, as occurs here. Thus, the value of k surf ranges from 1.13 to 1.45 for the first three trials. The conclusion is that another method is needed to determine k surf .
One method is to use a less-dense slurry in a small volume and stirs the small volume with either a magnetic stirrer or a mechanical stirrer in the base. The transducer attached to the steel plate, similar to the tube setup, would remain. The temperature of the water used for calibration will be measured, so that the velocity of sound at that temperature can be determined. Repeatable measurements for RC exp are expected for this setup. Data can be obtained for several values of the slurry density to ensure that k surf remains constant, as expected.
Another method is to use the radioactive sensor and the ultrasonic sensor at the same time. Using a large number of data points in a segment, the two density values can be obtained and the value of k surf determined. Once the value of k surf is obtained for that location, the radioactive sensor can be decommissioned.
The value of k surf will be different for a sand slurry than for mud, for example. However, the radioactive sensor has different absorption coefficients in different locations, as well.
Temperature Effects
The acoustic impedance of steel was used in the calculation of the slurry density. The density of the A36 steel used in the laboratory measurements was obtained in the usual way. The velocity of sound was measured at room temperature by measuring the thickness of the steel and measuring the time between two adjacent echoes. The effect of temperature on the velocity of sound in steel was not investigated, and it is simply easier to measure it over the range of 10ºC to 20ºC. This can be easily measured in the lab to see how much effect there is and use the one at the most likely temperature. However, a greater accuracy can be obtained by measuring it in the lab as a function of temperature. In the Essayons measurements, a thermocouple was affixed to the pipeline wall and the data acquisition system measured the temperature. Figure 15 shows the effect of using a different number of data points in the averaging process. Figure 15a , which averaged 500 points, shows much less deviation in the average density value. At the rate of 3 density values per second, the accumulation of 500 points would take 2.8 minutes; 100 points, 0.6 minutes. This is probably too long a time between submitting data points to the ship's data acquisition system. However, there is a solution to this situation.
Average Value of the Slurry Density
The data acquisition system for the Essayons obtained data in the following way. The signal is acquired by the digitizer card in 0.06 seconds, by using the clock function in the code just before the signal acquisition and after the signal acquisition. A density value is then obtained about 0.27 seconds later (total time of 0.33 seconds) in a serial or sequential operation. The computer has two processors. The code could be written to take the data in parallel. That is, one processor could acquire the data (say 250 points) and the second processor could analyze the data, while the data is being acquired by the first processor. There would also be significant time saving in using a matrix of 250 points to obtain a density matrix of 250 points, rather than computing the density value for each signal, as the code does now.
The comparison of the data from the ultrasonic sensor with that from the radioactive sensor is shown in Figure 2 . Very good agreement results when the value of k surf is equal to 2.2. This is not an unreasonable expectation for the value from the proposed experiment, given the ±10 percent uncertainty in the initial measurement and the increased accuracy for the proposed measurement of k surf . In conclusion, once the improvements described in this section have been made, the performance of the PNNL density sensor will compete very favorably with that of the radioactive sensor.
